Although ERK signaling has been reported to promote ulation, is well established across many cell types, including neurons (Treisman, 1996) phorylated ERK1/2 ( Figure 1C ), but levels of ERK activation were significantly reduced in mutant slices. We To investigate these issues, we adopted a conditional, region-restricted genetic approach to target ERK activasubsequently found that ERK activation was also significantly reduced in the dnMEK1 hippocampus in response tion in the postnatal forebrain. Our analysis of the resulting mutant mice disclosed selective defects in the to L-LTP induction and contextual memory formation (see below). protein-synthesis dependent components of hippocampal LTP and memory. We further found that ERK activation was required for translational induction in response Impaired Spatial Reference Memory to neuronal activity, L-LTP, and hippocampal memory in dnMEK1 Mice formation through regulation of the activity of multiple To determine whether inhibition of ERK activation in the translation initiation factors. The results of these multihippocampus and neocortex compromises long-term disciplinary investigations suggest an important funclearning and memory, we subjected single transgenic tion for ERK signaling in the control of the translational control and double transgenic mutant mice to the hidevents underlying L-LTP and memory consolidation. inhibitor U0126, which blocks ERK activation ( Figure  lation (Figures 4C-4D) . In all cases, concurrent treatment with U0126 significantly attenuated the effects of stimu-4B). This effect was specific to the pharmacologic action of U0126 on MEK, since the inactive conformer U0124 lation. We next examined the role of the cis-acting elements had no significant effect (data not shown). Figures 5D-5F ). Phosphorylaprocess. Specific phosphorylation of the translation faction of all three translation factors under conditions of tors S6 and eIF4E in mutant slices following tetanic stimspontaneous neuronal activity was also significantly inulation exhibited a similar selective pattern of inhibition; hibited by rapamycin, with rapamycin exerting the phosphorylation of both factors in mutant slices was stronger effect on S6 phosphorylation, and U0126 exstimulated to control levels in area CA3, but was not erting relatively stronger effects on eIF4E and 4E-BP1 stimulated in area CA1 (Figures 6C-6D ). These observaphosphorylation. Analysis of phospho-ERK levels contions suggest that ERK signaling regulates the translafirmed that ERK phosphorylation was stimulated by neutional events required for long-lasting synaptic plasticity ronal activity and entirely abolished by U0126 treatment in the adult hippocampus and provide further evidence ( Figure 5C) . that a translational defect underlies the L-LTP deficit in dnMEK1 mice. The results described above establish an important ). In our study, basal synaptic ment without conditioning. Increases in the specific phosphorylation of ERK, S6, and eIF4E were observed transmission, presynaptic function, and E-LTP were all normal, while L-LTP was selectively deficient. Several as a consequence of fear conditioning in control mice, and these increases were significantly reduced in features of our approach may have contributed to our discernment of a selective role for ERK activation in dnMEK1 mice (Figures 6E-6G ). These observations further support the hypothesis that a translational defect hippocampal L-LTP. In contrast to the complete blockade of ERK activation in pharmacologic studies, basal contributes to the selective impairment in memory consolidation in dnMEK1 mice. levels of hippocampal ERK phosphorylation were pre- served in dnMEK1 mice. In addition, the restricted inhibi-1999). In our current study, we demonstrated that ERK signaling regulates both neuron-wide and local protein tion of ERK activation in hippocampal area CA1 relative to area CA3 may have selectively targeted postsynaptic synthesis in response to multiple forms of neuronal activity in hippocampal neurons. We also showed that ERK processes required for L-LTP at CA1 synapses while maintaining normal presynaptic function. The activation activation was required for specific phosphorylation of multiple components of the translation machinery in reof ERK (ERK1/2) was specifically targeted by a conditional genetic strategy, obviating possible nonspecific sponse to neuronal activity, providing a molecular mechanism for the observed dependence of translational ineffects associated with the use of pharmacologic agents or genetic manipulation of upstream signal transduction duction on ERK activation. Furthermore, we showed that translational induction and translation factor phosphorcomponents with more pleiotropic effects. Our approach also reduces possible developmental or comylation were diminished in the hippocampus of dnMEK1 mice in response to L-LTP-inducing tetanization. We pensatory effects resulting from germline ablation of individual kinase isoforms. For example, recent analysis did not investigate whether neuronal activity-induced transcription is impaired in dnMEK1 mice. However, the of ERK1 knockout mice has revealed significant upregulation of ERK2 activity ( Figure 4A ) through an interaction of PABP with eIF4G. Our results demonstrate a general requirement for ERK signaling in neuronal activity-dependent translation. Consistent with these findings, phosphorylation of eIF4E, 4E-BP1, and S6 was stimulated by neuronal activity in a highly ERK-dependent manner. A similar ERK requirement for eIF4E and S6 phosphorylation was observed during hippocampal L-LTP and memory formation. Thus, the ERK pathway plays an important role in neuronal activity-dependent regulation of translation initiation.
Mechanisms of ERK-Dependent
The complex pattern of inducible 4E-BP1 hyperphosphorylation appears to be mediated primarily by rapaTranslational Regulation We found that activity-dependent translation of reporter mycin-sensitive mTOR-dependent pathways, while some evidence has suggested ERK-dependent modulamRNAs lacking known cis-acting regulatory elements remained dependent on ERK activation (Figure 4 5-6 ). These findings imply that the transdemonstrate a major role for the ERK pathway in the neuronal activity-induced phosphorylation of S6, eIF4E, lation-enhancing activity of the ERK pathway applies to most or all neuronal mRNA species rather than a and 4E-BP1, with consistently greater effects on eIF4E relative to S6 across all levels of analysis. Interestingly, restricted subset carrying a particular cis-acting element. The target of the ERK signaling pathway thus we also found the phosphorylation of all three factors to be highly sensitive to rapamycin, with the greatest appears to reside in the general translational machinery (see model, Figure ␤-actin gene. A dominant-negative MEK1 cDNA bearing a K97M porter translation was quantified as the total number of EGFP-positive neurons. mutation and the SV40 late polyadenylation signal was derived from pMCL-dnMEK1 (gift of N. Ahn) and inserted downstream of the stop cassette in pCLSL to generate pCLSL-dnMEK1. pCMV-EGFPSynaptoneurosomes CKUTR was derived from pEGFP-N1 by deletion of the SV40 polyadSynaptoneurosomes were prepared from cultured hippocampal enylation signal and insertion of a 160-bp PCR fragment encoding neurons by sequential passage through PTFE filters (Millipore) of the distal sequences of the ␣CaMKII 3Ј UTR (including both CPEs decreasing pore size, as previously described (Scheetz et al., 2000) . and the hexamer sequence; Wu et al., 1998). The ␣CaMKII 3Ј UTR fragment was amplified from a rat brain Marathon cDNA library Western Analysis (Clontech). CPE mutations were introduced using previously deHomogenates were prepared in cold RIPA buffer containing protescribed primers (Wu et al., 1998) . The hexamer mutation AAGAAA ase inhibitors and phosphatase inhibitors. Hippocampal neurons was similarly introduced by PCR.
were homogenized 8 min after stimulation. Hippocampal slices were frozen on dry ice 10 min after tetanization, and the CA1 and CA3 In Situ Hybridization fields were microdissected and homogenized. Western analysis was Transgene expression was analyzed using a 33 P-labeled RNA oligoperformed with rabbit polyclonal antisera against dually phosphorynucleotide specific for the transgene 5Ј UTR. In situ hybridization lated ERK1/2, phospho-S6 (S235/S236), phospho-eIF4E (S209), and was performed on sagittal cryosections as described (Zeng et al., phospho-4E-BP1 (S65) (Cell Signaling). Blots were stripped and re-2001). Fluorescent in situ hybridization of hippocampal neurons was probed with antisera directed against total ERK1/2, S6, eIF4E, and performed with a digoxigenin-labeled cRNA probe derived from the 4E-BP1 (Cell Signaling). Results were quantified with ImageJ (NIH), EGFP coding region. Fluorescence intensities were quantified with calculated as the ratio of phosphorylated species to total ERK, and ImageJ (NIH). Relative mRNA levels were expressed as the mean then normalized to the untreated control condition. Staining of total fluorescence intensity of randomly selected neurons.
protein with Ponceau-S confirmed equal loading. 
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